The objective of this study was to evaluate the relationships between the spectra in the Vis-NIR range and the soil P concentrations obtained from the P M and P rem extraction methods as well as the effects of these relationships on the construction of models predicting P concentration in Oxisols. Soil samples' spectra and their P M and P rem extraction solutions were determined for the Vis-NIR region between 400 and 2500 nm. Mineralogy and/or organic matter content act as primary attributes allowing correlation of these soil phosphorus fractions with the spectra, mainly at wavelengths between 450-550, 900-1100 nm, near 1400 nm and between 2200-2300 nm. However, the regression models generated were not suitable for quantitative phosphate analysis. Solubilization of organic matter and reactions during the P M extraction process hindered correlations between the spectra and these P soil fractions. For P rem ,, the presence of Ca in the extractant and preferential adsorption by gibbsite and iron oxides, particularly goethite, obscured correlations with the spectra.
INTRODUCTION
Traditionally, the phosphate (P) content of soil samples has been evaluated using chemical, physico-chemical and biological extraction, with limitations and advantages for each method. Historically, the application of spectroscopic techniques to the study of soils has been dedicated to mineralogical analyses. 1 However, in the last two decades, the number of studies evaluating other applications of Vis-NIR spectroscopy in soil science and agronomy has increased rapidly, with a primary focus on measuring various basic attributes of soils, such as the organic matter content, clay content and, recently, chemical attributes. 2 Between these attributes, the prediction of phosphorus in the soil through the Vis-NIR spectra have also been studied. However, the establishment of a relationship between P concentrations and Vis-NIR spectra also depends on correlations between P and other soil attributes, because when Vis-NIR method is used in combination with multivariate techniques for spectral data analysis, it has the potential to determine the chemical composition of a soil sample qualitatively or quantitatively, 3 primarily through the specific vibrations or stretching of bonds among carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) present in the material. 4, 5 Therefore the characterization and prediction of P using Vis-NIR spectroscopy may be possible by analyzing the bonds of this element with C, H and O, primarily in the forms P=O, P=O bonded to H, P-phenyl, P-H, P-OH and the phosphate ions (PO 3 2-and PO 4 3- ), or with the C-H, C=OH, C-O, P-O and P=O bonds present in monoester or diester phosphates. 4, 6, 7 These correlations can be soil-specific, preventing the extrapolation of the results to other soils because the relationships between spectra and secondary attributes, such as P, are not precise and various specific interactions between these parameters need to be better understood. 7, 8 Bogrekci and Lee 9, 10 Maleki et al. 11, 12 Mouazen et al. 13 and Lu et al. 14 have demonstrated the potential of Vis-NIR spectroscopy for predicting P concentrations in soils extracted using the Olsen, ammonium lactate and Mehlich-1 methods and even for studying the spatial variability of P in soils from a temperate climate. However, Vågen et al., 15 Viscarra Rossel 16 and Vendrame et al. 17 did not obtain good results for highly weathered soils, including latosols.
Studies that have focused on the use of spectroscopy for the prediction of Mehlich-1 P concentrations (P M ) and remaining P concentrations (P rem ) in the soil are scarce. 18 The P M method, based on a double-acid extraction of forms of soil phosphate, is the most commonly used method in Brazil. The P rem method is a measure of the phosphate exchange between the solid phase of the soil and a solution of calcium chloride and is derived from the classical methodology of establishing adsorption isotherms, further providing information about the phosphate buffering capacity of the sample. 19 The P M concentration can be indirectly correlated with the spectrum in the Vis-NIR range because of the spectral response of organic matter, given that the double acid extraction is not selective and also extracts a fraction of the P from organic matter. 20, 21 The P rem concentration can also be indirectly correlated with the spectrum in the Vis-NIR range because of the spectral response of minerals from the clay fraction, given that the orthophosphate molecule establishes chemical relationships with the surfaces of the solid phase of the soil. 22 In some Brazilian soils, gibbsite represents a large fraction of the soil minerals and exhibits preferential adsorption for P relative to other anions present in the soil, [23] [24] [25] potentially aiding prediction of P concentrations. Furthermore, iron oxides and gibbsite produce active peaks in the region from 450 -550 nm and in the region from 2200 -2300 nm. [26] [27] [28] The objective of this study is to evaluate the relationships between the spectra in the Vis-NIR range and the soil P concentrations obtained from the P M and P rem extraction methods as well as the effects of these relationships on the construction of models that predict the P concentration in Oxisols.
MATERIALS AND METHODS

Sampling procedure
For the study, a collection of samples from a 700-ha area of Red Yellow Latosols (according to the Brazilian taxonomic system) 29 and Red Latosols, located on the Brazilian Central Plateau (municipality of Planaltina -Goiás state) was analyzed. A description of the site is given in Oliveira et al.. 28 A set of 88 samples was collected in triplicate from 11 soil profiles from the following layers: 0.00 -0.05, 0.05 -0. 
Analytical procedure
For the general soil characterization, chemical and physical analyses were performed as described in Claessen et al. 30 Air-dried samples were sieved through a 2-mm mesh. The particle size analysis of the soil (air-dried fine earth) was done using the pipet method, after slow agitation for 16 hours and chemical dispersion with sodium hydroxide (NaOH, 1 mol L -1 ). The SiO 2 , Al 2 O 3 and Fe 2 O 3 concentrations were obtained by extracting the soil samples with a 1:1 H 2 SO 4 solution followed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The SiO 2 and Al 2 O 3 concentrations were used for the calculation of kaolinite (Kt) and gibbsite (Gb) concentrations, 31 and the Fe 2 O 3 concentrations were associated with the matrix and color of the soil for the calculations of the hematite (Hm) and goethite (Gt) concentrations, 32 assuming 33% and 16% substitution of aluminum in each mineral, respectively. 33 The organic carbon concentration was determined by the oxidation method using potassium dichromate (0.4 N). The P concentrations from the Mehlich-1 method (P M ) were determined using a double-acid extractant, 0.05 mol L -1 HCl + 0.0125 mol L -1 H 2 SO 4 . The remaining P (P rem ) was determined in the equilibrium solution after agitation of the soil samples (5 g) with a 0.01 mol L -1 CaCl 2 solution containing 60 mg kg -1 P. The P concentrations in the P M and P rem extracts were obtained by molecular absorption spectroscopy at 725 nm after the formation of the molybdenite-P complex via reduction by ascorbic acid (blue color).
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Vis-NIR spectra collection
All the spectra were collected using a FOSS NIRSystems XDS spectrometer (Silver Spring, MD, USA), which operates in the Vis-NIR region between the 400 and 2500 nm wavelengths.
Soil spectra
The soil samples (< 2 mm) were dried in an oven at 40 °C for 24 hours for standardization and reduction of the effect of moisture. An approximate mass sample of 5 g was scanned in a 50-mm diameter cylindrical cuvette with a quartz window. The spectral data were recorded in the reflectance mode to produce a spectrum with 1050 points and a spectral interval of 2 nm. Each sample spectrum represented an average of 32 readings. The average spectrum from three replicates for each layer of the soil profiles was obtained using the WinISI II v1.50 software (Foss NIRSystems/Tecator Infrasoft International, LLC, Silver Spring, MD, USA).
The results, expressed in absorbance (A), were obtained from the logarithm of the inverse of reflectance.
Spectra of the solutions
The same equipment was used to obtain the spectra of the P M and P rem sample solutions, which were collected using a solution volume of 15 mL in a 5-cm diameter glass cuvette with a height of 10 cm. Each sample spectrum represented an average of 32 readings. The average spectrum from three replicates for each solution was obtained using the WinISI II v1.50 software (Foss NIRSystems/Tecator Infrasoft International, LLC, Silver Spring, MD, USA). Hereafter, the term "solution" will be used to refer to the P M and P rem extraction solutions.
The reference standard for the physico-chemical relationship between P and the spectra was a 20 mg kg -1 monopotassium phosphate (KH 2 PO 4 ) solution. These spectra were collected to observe the relationship between the reference spectra and those obtained for the soil P extraction solutions. For this purpose, the spectra of the solutions extracted from the soil samples from the 0.05 -0.10 and 0.80 -1.00 m layers of the profiles were used.
Pre-processing of the soil spectra
The pre-treatments applied to the spectra of the soil samples followed the recommendations of Brunet et al. 35 The derivatives were used to reduce the baseline variation and improve the visualization of the characteristic peaks of the spectra. 36, 37 The first and second derivatives were calculated using four smoothing points and four points between gaps. This procedure was performed with or without the normalization of variances (SNV or SNVD) for the first and second derivative (144 and 244). The normalization procedure reduces the variation in the slope of a spectrum caused by the scattering effect and by variations in particle size 38, 39 and it also removes the linear or curvilinear trend from a spectrum. 38 Thus, four pre-processing methods were used on the spectra: SNV 144, SNV 244, SNVD 144 and SNVD 244.
Principal component analysis (PCA) was performed on each sample from each data set (calibration, n=88; validation, n=177) and for each of the four pre-processing methods. The resulting principal components were used to determine the Mahalanobis (H) distance among the spectra and those with a distance greater than 3 were considered to be outliers and removed from the data set. 40 
Creation and calibration of the models
The two data sets (calibration and validation) were treated separately. The soil profile data set, n=88, was used for calibration and for the analysis of the relationships between the spectra and the two methodologies, P M and P rem . The set of samples from the surface layer, n=177, was used for model validation.
After elimination of the outliers, modified partial least squares regression (PLSRm) was used to correlate the spectral responses of the soils with the P M and P rem values. The cross validation of the calibration set (88 samples) was used to determine the optimal number of terms for the prediction model, as described in Barthès et al. 41 and Brunet et al. 35 and employed by Vendrame et al. 17 The calibration data bank was subdivided into eight groups, seven for model development and one to test the calibration. The calibration test was performed eight times. The residuals from the eight predictions were combined to calculate the standard error of the cross validation between the measured and predicted values (SECV). Samples with a residual 2.5-fold larger than the SECV were considered to be outliers (calibration outliers) and were removed from the databank. The subdivision procedure and analysis of the residuals were performed twice. All of the samples in the calibration set were used to calculate the final model. The ideal number of factors of the calibration model was determined by the lowest SECV, and the efficiency of this model was evaluated using the coefficient of determination (R 2 c) and the ratio of the standard deviation to the standard error of the cross validation (RPD). According to Viscarra Rossel et al., 37 The accuracy of the prediction and the validation of the models were determined by evaluating the R 2 validation value (R 2 v), the standard error of prediction (SEP) and the correlation between the measured and predicted values.
Correlations between spectra and the P concentrations of the solutions and soil samples
An analysis of the Spearman's Rho correlation coefficients (p<0.01) between the spectra of the reference solution (KH 2 PO 4 ) and the spectra of the P M and P rem solutions and the soil was made. This method was also used to evaluate the relationships of the spectra of the solutions with their P rem and P M concentrations.
The first derivative was used to determine the wavelengths that reflected the primary absorbance characteristics of the soil attributes. This result was associated with the loadings of the first vectors of the principal component. In addition to determining whether it can be used in the prediction of the attribute of interest, this relationship permits the verification of the result determined by the first derivative.
To analyze the influence of soil attributes on the spectra, the non-parametric Spearman's Rho correlations (p<0.01) between the wavelengths and the P M and P rem concentrations, and between the wavelengths and the concentrations of silicon, iron and aluminum oxides, organic matter, kaolinite, gibbsite, goethite and hematite were evaluated. The same method was used to analyze the correlations of the P M and P rem concentrations with the concentrations of organic matter, kaolinite, gibbsite, goethite, hematite and the ratio between the organic matter and iron oxide concentrations.
Due to the possibility of interference from organic carbon in determining the P M concentrations, 20 ,21 the carbon concentration of 22 sample P M solutions was determined using the Walkley & Black method, 42 using 3 mL of extract solution and following the principle of organic matter oxidation by K 2 Cr 2 O 7 (0.33 mol L -1 ). From these results, a regression analysis of the relationship between the ratio of P and carbon (P/(P+C)) present in the solution and the P M concentration in the soil was performed. The adopted model was selected based on the magnitude of the regression coefficient. The organic P concentrations (Po, mg kg -1 ) were also calculated using the equation Po = 0.003C + 0.002, where C (g kg -1 ) is the concentration of organic carbon. 43 
RESULTS
The soils
The means of the 17 soil attributes measured for the soil profiles and the surface samples are given in Table 1 .
Qualitative analysis of the spectra from the profile samples
Solution spectra
The reference solution (KH 2 PO 4 ) spectrum contained a peak between 900 and 1100 nm. The peaks observed in the spectra of the P M and P rem solutions both exhibited a unique spectral pattern that was independent of the method of P acquisition, depth of collection and soil mineralogy, with a similar form to that of the reference solution (Figure 1Sa , b and c and Table 2 ).
Between the wavelengths from 900 to 1100 nm, the spectra had Kt, kaolinite, Gb, gibbsite, Gt, goethite, Hm, hematite, R KGb , kaolinite and gibbsite ratio, R HG , hematite and goethite ratio, C, organic carbon, Po, organic phosphorus, P M , phosphorus extracted with Mehlich-1 and P rem , remaining phosphorus. a significant and negative correlation (close to -0.80**) with the P M concentrations of the soils. The correlation of this same spectral region with the P rem concentrations was close to zero (Figure 1a ).
The soil P M concentrations were positively correlated with the concentrations of organic matter in the soils (Table 3 ). There was no direct correlation between the organic carbon concentration of the P M solution and the P M concentration of the soil; however, for a given P concentration of the solution: the greater the extraction of C by the double acid solution, the greater the P M concentration determined by colorimetry (Figure 2) . The P rem concentration was correlated with the concentrations of clay and oxides, primarily hematite and aluminum oxide (Table 3) .
Soil spectra
The spectra of the soil samples from the profiles contained five absorption peaks: between 400 and 550 nm, 750 and 1000 nm, 1350 and 1450 nm, 1850 and 2000 nm and 2120 and 2200 nm, as well as a region of high reflectance between 2200 and 2300 nm (see in Oliveira et al.) . 28 The spectrally active regions of the soil samples used to predict the P M and P rem concentrations were located in the region close to 550 nm in the visible range and in the regions of 1400 nm and from 2200 -2300 nm in the near infrared. A region with a less-defined peak between 900 and 1100 nm was also observed ( Figure 2S ). For this last region, there is a negative correlation between the spectra of the P M extraction solutions of the soil and the soil spectra (-0.42, p<0.01). This correlation was not observed for P rem .
The P M and P rem concentrations were positively correlated with the spectra for the range between 600 and 810 nm, while the correlation coefficients for the region between 900 and 1100 nm were greater for P M (r 2 between 0.30 and 0.40 (p<0.01)) than for P rem (r 2 close to 0.20 (ns)) (Figure 1b) .
PLSRm, modeling and prediction
Of the four pre-treatment methods performed on the soil spectra from the soil profiles, those with the first derivative (144) provided the best calibration results. The P M concentrations had the lowest error Table 2 . Correlation coefficients between the spectra of the reference solution, KH 2 PO 4 , and the spectra of the solutions resulting from the extractions of P M and P rem from the Latosols, with mineralogy varying from kaolinitic (Kt) to Oxidic, from the 0.05 -0.10 and 0.80 -1.00 m layers (n=3) values for the cross validation (SECV) and the highest coefficients of determination (R 2 c) and RPD. For P rem , the first derivative provided the lowest SECV (Table 4) , despite producing similar values of R 2 c and RPD relative to the second derivative (244).
Of the models developed for P M , RPD values between 1.4 and 1.8 were observed only after the application of the SNV 144 pretreatment, while values below 1.4 were observed for the other pretreatments. The four models developed for P rem produced RPD values greater than 2.5. Thus, for the analyses of correlations with the soil attributes, the SNV 144 model was used for P M and the SNVD 144 model was used for P rem because it had the lowest error prediction (SEP) ( Table 4) .
The first three principal components from the PLSRm of the P M (SNV 144) and P rem (SNVD 144) results explained more than 90% of the variance of the information contained in the spectra. The wavelengths observed in the first derivative ( Figure 2S ) and the peak close to 1,900 nm were determined to be the most important for model construction (Figure 3a and b) . In contrast, the reference wavelengths between 900 and 1100 nm were not relevant to the model construction for P M and P rem . Figure 4a and 4b present the relationships between the measured values and those predicted by the cross validation of the PLSRm. In the cross validation of P M , the residuals of the prediction increase as a function of the increase in the P M concentration in the soil, primarily beginning at 8 mg kg -1 , and the model is characterized by an R 2 v of less than 0.2, regardless of the pre-treatment (Table 4 and Figure  4a) . The P rem model (SNVD 144) had an R 2 c = 0.93; however, it was not suitable for the prediction of the soil P rem concentrations, R 2 v = 0.48 (Table 4 and Figure 4c) .
The P M and P rem concentrations were positively and significantly correlated with the spectra for the wavelengths between 450 and 600 nm. P M was also positively and significantly correlated with the spectra for the wavelengths between 900 and 1100 nm ( Figure  1b) . The reflectance at these wavelengths is primarily related to the concentrations of gibbsite, hematite and organic matter as well as the ratio between organic matter and iron ( Figure 3S ). In turn, P rem was negatively and significantly correlated with the spectra for the peak between 2200-2300 nm ( Figure 1b) ; this spectral region is related to the concentrations of clay, aluminum oxides 28 and goethite ( Figure 3S ).
DISCUSSION
Samples from the soil profiles
The texture of the soil profile samples varied from average to very clayey, with iron concentrations ranging between 50 and 250 g kg -1 , thus classifying them as hypo-to meso-ferric. The soils had kaolinitic, kaolinitic-oxidic and oxidic mineralogies (Table 1) . 29 The mineralogical variation of these latosols can be explained by the influence of the local relief. 44, 45 The same level of variation in particle size, mineralogy and organic carbon of latosols was also observed by Balbino et al. 46 and Reatto et al. 45 for regional catenas from the Brazilian Central Plateau.
Spectra and concentrations of P M and P rem in the soils
Spectra from the P M and P rem phosphate extraction solutions
The spectrum of the reference solution (KH 2 PO 4 ) contained an absorption peak between 900 and 1100 nm (Figure 1Sa) . The spectra of the P M and P rem solutions contained a similar absorption peak ( Figure 1S b and c) . This peak reflects the stretching frequency of the P-OH bond in association with the presence of non-polar, divalent or trivalent orthophosphate molecules in the solution. 4, 8 Bogrekci and Lee 9 observed a maximum absorption of P M in the region close to 900 nm in sandy soils incubated with different concentrations of P in the form of KH 2 PO 4 , and Maleki et al. 47 identified the wavelengths of 1003, 1009, 1103 and 1128 nm as the main peaks of Olsen-P observed in the Vis-NIR spectrum. Therefore, the P M and P rem solutions had functional P-OH groups from orthophosphate with characterization potential for P M and P rem by diffuse Vis-NIR reflectance spectroscopy. The similarity in the absorption spectra from the P M and P rem solutions, regardless of the depth, mineralogy and method, can be attributed to the light absorption properties of the water molecule, which homogenized the absorption intensity for the different concentrations of P in the solutions. 10 The P concentrations of the P M solution were negatively correlated (< -0.80, p<0.01) with the spectra for the wavelengths between 650 and 1150 nm (Figure 1a) . This relationship is explained by the P-OH groups' (i.e. orthophosphate) present in the soil extracts and, also, by the extraction of organic carbon from the soil by the double-acid extractant used for P M, as this region of the spectrum corresponds to the region of the third overtone of the C-H, C-H 2 and C-H 3 molecules. 3, 16, 48 This was observed with a significant correlation between the C and P M concentrations of the soil samples (r 2 =0.412**). For a given P concentration, the P M concentration determined by colorimetry increases with an increase in the amount of C extracted by the double-acid solution (Figure 2 ). Organic carbon is solubilized by the Mehlich-1 method by an effect of the pH, the reaction of ions present in the extractant with the adsorbed molecules and, especially, the relationship between the mineral and organic forms of P. [49] [50] [51] Considering the organic phosphorus, the samples from the soil profiles had Po concentrations between 0.91 and 14.50 mg kg -1 (Table  1) , which, according to Chapuis-Lardy et al., 43 may represent up to 75% of the total P present in latosols from the Brazilian Central Plateau and, according to Cross and Schlesinger, 52 up to 80% of the labile P of the latosols. This P fraction is primarily composed of the phosphates of sugars, monoesters, diesters, inositols and mononucleotides 21 and can be solubilized by the double-acid extractant used for P M , as observed in Figure 2 and Table 3 . The solubilization of Po by the double-acid extractant also explains the absence of a correlation between P M and the aluminum oxide content and the weak relationship with the iron concentrations from the sulfuric acid extraction ( Table 3) .
The negative correlation between the P M concentrations and the wavelengths between 650 and 1150 nm can be explained, in part, also by the formation of the molybdenic-P complex. The reaction between the P-monoester with molybdenum (which has an octahedral molecular structure) forms a tetrahedral molybdenum-P structure with lower absorbance energy. Thus, with an increase in the concentration of P determined by the molecular absorption method, the absorbance energy of the sample in the Vis-NIR region decreases.
The P rem methodology evaluates the capacity for phosphate exchange between the solid soil phase and a calcium chloride solution initially containing 60 mg L -1 P. Thus, the absence of a correlation between the P rem concentration and the wavelengths between 900 and 1100 nm can be explained by the presence of Ca 2+ (CaCl 2 ) because it can precipitate the phosphate from the solution. 53 There is also the possibility of the formation of various layers of P around Ca by the action of Van der Waals forces, hindering the observation of a correlation between the P rem concentration and the P rem solution spectra.
Spectra of the soil samples
For the spectra of the soil samples, the region from 450 -550 nm, those close to 1400 nm and 1900 nm, and that from 2200 -2300 nm exhibited potential for the prediction of P M and P rem . In contrast, the region between 780 and 1000 nm had low absorption intensity with a poorly defined peak (Figures 2Sb ). These results demonstrate that the physico-chemical relationship of the soil spectra with the P M and P rem concentrations is dependent on other soil attributes, without a specific molecular relationship, as observed for the spectra of the solution. This relationship was also observed by Daasch and Smith, 
48) (c). The dashed lines indicate the 95% confidence intervals for the predicted values
Murray and Williams 4 and Bogrekci and Lee 9 when examining specific functional groups in aqueous media, prepared in the laboratory without interference from other soil attributes.
The regions from 450 550, 780 1100 and close to 2200 nm can be spectrally active for the prediction of P M concentrations because of the interaction of P with the organic matter of the soil. In this regard, the regions between 450 and 630 and between 680 and 800 nm are sensitive to the different stages of decomposition and the origin of the organic matter; 54 the region between 780 and 1100 nm contains peaks that are characteristic of polysaccharides; 55, 56 the region close to 2200 nm contains absorption peaks that are associated with the elementary vibration of the P bound to hydrocarbons or to phenyl rings. 8 The regions between 450 and 550, 780 and 1100, and 2200 and 2300 nm can be spectrally active for the prediction of P rem because of the relationships of these regions of the spectrum to the soil mineralogy.
26,28 P rem was indirectly correlated with the spectrum of the soil because of its adsorption to iron oxides (goethite) and aluminum oxides (gibbsite) ( Table 3 and Figure 3b ). The iron oxides promoted an absorption peak in the region between 450 and 550 nm that is associated with the trivalent iron ions and those bound to hydroxyl groups. [57] [58] [59] The aluminum oxides promoted a peak in the regions between 900 and 1100 nm and between 2200 and 2300 nm in association with the vibrations caused by the stretching of the OH groups present in gibbsite. 26, 55, 56 The peaks at 1400 and 1900 nm may have a direct relationship with the P M and P rem of the soil that is associated with the stretching bands of R-OH, 3, 60 which may be represented by P-OH in the P M and P rem solutions. Additionally, Daasch and Smith 8 have noted that this region of the spectrum may also contain peaks that are characteristics of the essential vibrations caused by the stretching of P-H bonds.
The results indicate that Vis-NIR measurements can be used to construct models for the prediction of P M concentrations, given that the reference region between 900 and 1100 nm also characterizes the P M of the solution and is shown to be active in the soil spectra. The construction of models for the prediction of P rem concentrations must be viewed with caution because the P rem concentrations were correlated with the wavelengths between 450 and 550 nm and between 2200 and 2300 nm of the soil spectra, which were strongly influenced by the mineralogy and were not correlated with the spectral regions of the reference solution or that used in the colorimetric method.
Construction of the models
Four pre-treatments were applied to the soil spectra for correction of light scattering (SNV 144, SNV 244, SNVD 144 and SNVD 244). The best calibration results were obtained with the models that used the first derivative (SNV 144 and SNVD 144) which characterizes the absorption peaks, with a negative value when the absorption decreases and a positive value when it increases. In turn, the second derivative uses the absorbance minimum of the sample in the calculation, emphasizing only the most characteristic peaks present in the spectra, which correspond to the primary parameters (molecules of C, N, H and O). Thus, the use of the second derivative decreases the sensitivity of Vis-NIR in detecting secondary parameters and thus P.
The calibration model for P M (SNV 144) had an RPD value of 1.61, indicating that it can only be used for analysis of the relationships of this P fraction with other soil attributes. The P rem calibration model (SNVD144), with an RPD value > 2.5, could be used for qualitative and quantitative analyses; however, despite the excellent calibration quality, the validation was not satisfactory (Table 4) .
The unsatisfactory validation of the P rem model was likely associated with the superposition of peaks from the same region of the spectrum. The interval between 450 and 550 nm is related to the OM/Fe 2 O 3 ratio. The regions close to 1400 and 1900 nm and the interval between 2200-2300 nm are related to iron and aluminum oxides, notably hematite and gibbsite, respectively. The reference region, 900 to 1100 nm, is related to organic carbon (R 2 > 0.40**) ( Figure 3S ).
This superposition of peaks explains the validation error of the SNV 144 model for P M , especially for samples with more than 8 mg P kg -1 , given that spectra from the soil in the region between 450 and 550 and in the reference region (between 900 and 1100 nm) are related to the OM/Fe 2 O 3 ratio and organic matter, respectively. Thus, the observed peaks in the P M spectra could be associated with a specific adsorption site or weakly associated to the surface of polysaccharides or other organic compounds. 22, 24, 25, 61, 62 As a result there was no characteristic signal in the spectrum, confirming that the observed signal is not associated with mineralogy, as reported in Van Raij et al., 48 Pozza et al. 24 and Eberhardt et al. 49 The validation was performed with samples from the surface layer. This layer is associated with the greatest physical-chemical complexity of P M , which may negatively affect the model because this population was not represented in the calibration set.
The peaks in the region between 900 and 1100 nm of the soil spectra may be from hydroxyls bonded to alcohol molecules, aliphatic acids, or phenols, among other functional groups, and not the presence of P 8 (as shown in Figure 3a ), thereby confirming that this region of the spectrum was not relevant for the construction of the prediction models.
Another factor that can explain the validation error of the P M model is that the solubilization of organic matter by the double-acid solution modifies the characteristics of P in the solution and soil, even with P-OH or P=O bonds of the orthophosphates or C-H, C=OH, C-O, P-O and P=O bonds present in the monoester or diester phosphate. 6 Despite RPD values > 2.5, satisfactory prediction results were not observed for the predicted P rem concentrations using the best model constructed, R 2 v=0.48. This result is possibly attributable to the fact that, in latosols, P adsorption is more closely associated with aluminium 63 and, more specifically, with gibbsite, [23] [24] [25] as well as with free and amorphous iron oxides, 50, 64 which hinder the observation of well-defined peaks 1, 28 and obscure the relationship between the soil spectra and P rem concentrations.
The amorphous minerals cause light scattering characterized by poorly defined peaks with broad bases, 1 increasing the noise of the spectra and hindering the observation of the relationship of these spectra with the P remaining in the soil.
Final considerations
Initially, in regards to sample preparation, diffuse reflectance spectroscopy methods were similar to X-ray spectroscopy. Diffuse reflectance spectroscopy was used for studies on soil mineralogy with various pre-treatments prior to spectra collection, such as the addition of reagents for the extraction of amorphous minerals, soil maceration to homogenize the particle size, the addition of oils to decrease sample roughness on the lens, and saturation with chemical components to inhibit the superposition of absorption peaks by different materials with the same molecular characteristics. 1 In the 1980s, there was a rapid increase in the number of publications using Vis-NIR in soil science; 5 however, spectra began to be collected from soil sieved through a 2.00 mm, directly on the equipment, without any pre-treatment. Thus, spectral analyses in the Vis-NIR region became strongly associated with multivariate models and this dependence very likely directed the objectives of studies to an almost singular path, the creation of predictive models.
This study demonstrated that Vis-NIR has the potential for studies that involve P in the soil, in orthophosphate form, especially for the region between 900 and 1100 nm. However, the methodology employed for the analysis of the secondary attributes of interest has an effect on the spectral response, potentially hindering the observation of relationships between the attribute of interest and the spectrum. Thus, methodologies must be considered that do not alter the physical-chemical characteristics of the samples, such as resin extraction methods for soil phosphate studies.
For the data set examined in this study, the complexity of the P dynamics in the soil and its relationship with the spectra can result in the generation of models that consist of a "mathematical coincidence", without necessarily having a physical-chemical foundation. Additionally, the spectra of the solution of determination does not have a direct relationship with the concentrations of this form of P in the soil and the regions of the soil spectrum that permit the prediction of P rem are strongly influenced by its mineralogy.
Thus, the resumption of pre-processing as originally conceived, such as the removal of organic matter and amorphous iron oxides, could aid in the acquisition of better spectral results for determining soil phosphorus concentrations, especially when associated with its fractionation, but there is no direct relationship with the potentially bioavailable P.
CONCLUSIONS
The spectra of the P M and P rem solutions contained an absorption peak in the region between 900 and 1100 nm, similar to the reference spectrum, demonstrating the potential for the characterization of soil P M and P rem by diffuse Vis-NIR reflectance spectroscopy.
In the soil spectra, the regions that were active for the prediction of P M and P rem differed from those that were observed in the reference solution (KH 2 PO 4 ), the P M extraction solution and the P rem determination solution, with absorption peaks between 450 and 550 nm, close to 1400 and 1900 nm, and between 2200 and 2300 nm. The region between 780 and 1000 nm had a low absorption intensity with a poorly defined peak, demonstrating that the physical-chemical relationship of the soil spectra with the P M and P rem concentrations is dependent on other soil attributes.
The P M prediction models for quantitative analyses, especially in samples with more than 8 mg P kg -1 , is hindered by extraction of organic matter by the double-acid extractant and the correlations of the soil spectra at the wavelengths between 450 and 550 and between 900 and 1100 nm with the OM/Fe 2 O 3 ratio and organic matter content, respectively.
Despite the RPD values > 2.5 found in the calibration, the use of the models for the prediction of P rem in the surface layers of the latosols must be viewed with caution because the P rem concentrations were positively correlated with the spectra for the wavelengths between 450 and 550 nm and between 2200 and 2300 nm and these regions are strongly influenced by mineralogy, primarily the presence of iron and aluminum oxides in the form of goethite and gibbsite, respectively, and not correlated with the spectral regions of greatest reflectance in the reference solutions or that used in the colorimetric method. Figure 1S a and b: supplementary previously published by Oliveira et al., 28 Figure 2S: correlation coefficient between soil attributes and wavelengths 400 -2500 nm.
SUPPLEMENTARY MATERIAL
Figures 1S and 2S are available at http://quimicanova.sbq.org. br with free access.
